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Abstract 
Pulsed neutron transmission spectroscopic radiography is an attractive new technique in energy-resolved neutron radiography. 
The imaging technique is based on the spectral analysis of neutrons through the time-of-flight (TOF) method. The neutron 
transmission spectrum that can be obtained using a time-resolved neutron imaging system includes the Bragg-scattering edges 
with crystallographic information and the transmission dips due to the resonance absorption of the nuclei. To obtain the neutron 
transmission spectrum with high-power neutron sources, we developed a new high-performance imaging system consisting of a 
neutron color image intensifier, photon image intensifier, high-resolution CMOS camera, and high-frame-rate camera. The 
system was used for experiments at the electron linac pulsed neutron source in Hokkaido University, and the targeted function 
was proved to be successful. 
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
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1. Introduction 
Pulsed neutron transmission spectroscopic radiography is one of the new techniques in the field of energy-
dispersive neutron radiography based on time-of-flight method [1]. At the low-energy region, this technique 
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provides information on the two-dimensional distribution of the crystal structure, residual strain, crystalline texture, 
and crystallite size by analyzing the Bragg-edge spectrum [2-4]. The method for evaluating materials from the 
neutron transmission image using a pulsed neutron source has high sensitivity and can easily be compared with the 
conventional scattering experiment. At the high-energy region, dips appear in the transmission spectrum because of 
the resonance neutron cross section. Based on this spectrum, we can obtain the spatial distribution of temperature 
and map elemental composition of the sample. To extend the application of this method, the imaging detectors need 
to be improved [5].  
At the first stage, as a time-resolved neutron imaging system, a pixel-type Li-glass scintillation detector was 
developed and applied to evaluate the crystal structure of a welded piece of stainless steel [6]. The pixel size of the 
detector is approximately 1.7 mm × 1.7 mm, which is insufficient for many applications. However, this detector 
works at high-intensity fields because the counting rate is approximately 27 MHz, and it is used for experiments 
requiring good statistics. Gas electron multiplier detectors were also developed for higher-spatial-resolution 
transmission [7,8], and its spatial resolution and maximum counting rate are 0.8 mm and 3.7 MHz, respectively. 
However, the performance is still not sufficient and is expected to be improved.  
Neutron color image intensifiers (neutron I.I.) were developed by Toshiba Corp. and successfully used for the 
visualization of dynamic phenomena such as the behavior of water in fuel cells [9]. The imaging device has high 
neutron reaction efficiency, high sensitivity, and high spatial resolution of less than 50 ȝm. By combining the 
device with a high-frame-rate camera, a new type of time-resolved imaging system had been configured as it is 
expected to be used with a high-intensity pulsed neutron source without reducing the intensity because of the 
limitation in the maximum counting rate. The system was applied to the Bragg-edge transmission method [10]. The 
high-frame-rate camera had a special function of seamless measurement to reject beam loss during data transfer. 
The seamless measurement was achieved through the parallel processing of data accumulation in the high-frame-
rate camera (HAS-D3 made by DETECT Co. Ltd.) and data transfer to PC. By accumulating data, the data transfer 
rate could be decreased and continuous measurement could be achieved. However, this system works at a low 
frame rate because the decay of a signal is slow in the present neutron color I.I., and the frame rate of the high-
frame-rate camera used was not so high. Therefore, it cannot be used for the measurements of resonance 
transmission. In the present study, we developed a new time-resolved neutron imaging system using a new high-
time-resolution neutron color I.I., a photon image intensifier, a high-resolution CMOS camera, and a newly 
developed high-frame-rate camera featuring seamless measurement.  
2. Imaging system 
Figure 1 shows the pulsed neutron transmission spectroscopic radiography system at the Hokkaido University 
Neutron Source (HUNS), a compact accelerator-driven neutron source based on a 45-MeV pulsed electron LINAC. 
The pulse width was less than 3 μs, and the repetition rate was 50 pps. By synchronizing to the trigger pulse, high-
energy photons are produced in the lead (Pb) target, neutrons are simultaneously produced by the gamma-n 
reaction, and the neutrons with a wide energy range start to fly. Transmitted images of the sample are obtained 
using the time-resolved neutron imaging system. 
Pulsed neutron transmission spectroscopic radiography is primarily applied to three fields. Figure 2 shows these 
fields and the neutron energy regions for each application. In this figure, the neutron flight time is calculated with a 
flight path of 14 m. In resonance absorption imaging, a high time resolution is required. In Bragg edge imaging, 
the restriction in time resolution is less demanding. For magnetic-field visualization, the time resolution of 100 ȝs 
is sufficient. We determined the time resolutions for these conditions—resonance, Bragg edge, and magnetic 
imaging modes—to be 10, 33, and 100 ȝs, respectively, implying that the frame rates of the high-frame-rate 
camera should be 100k, 30k, and 10k fps, respectively. 
Considering these requirements, we built a time-resolved neutron imaging system, which is shown in Fig. 3. 
The system consists of a specially designed color neutron I.I. (Ultimage TCN9100B, Toshiba Corp.) and two types 
of cameras. The input surface of the neutron I.I. consists of B4C (B-10 > 99.8%), and the output phosphor is 
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Y2Si5:Ce with a short decay time of 5 ȝs; it has a gating function to choose an arbitrary time frame. This function 
enables us to reject a gamma flash. One of the cameras is a high-resolution CMOS camera (Nikon D800E) with 
7360 × 4912 pixels to obtain high-definition transmission images regardless of the neutron energy. It is remote-
controlled using a PC located outside the neutron-beam experimental area. It directly obtains the image appearing 
on the output screen of the neutron I.I. Another camera is used for time-resolved imaging. In this case, another 
gated image intensifier (C9547-02-MOD, Hamamatsu Photonics K.K.) is used to amplify the intensity of the 
output image of the neutron I.I. The photon I.I. has an output screen consisting of phosphor P46 with a very fast 
decay time of 0.3 ȝs. 
Fig. 1 Pulsed neutron transmission spectroscopic radiography system at HUNS. 
The specially designed high-frame-rate 
camera MEMRECAM ST-821-HX (nac Image 
Technology Inc.) originated from MEMRECAM 
HX-3. The relation between the frame rate (time 
resolution), imaging area, pixel number, and 
pixel resolution is summarized in Table 1. The 
best spatial resolution of 103 ȝm can be 
obtained with 10 kfps in the 5.5 inch mode.  
The original MEMRECAM HX-3 has an 
internal memory of 64 GB to record 
approximately 850,000 frames with a frame rate 
of 100 kfps and image size of 320 × 240 pixels. 
Its recording time is 8.5 s, which is sufficiently 
short for experiments requiring the accumulation 
of obtained frames for high-quality radiographs 
because it takes approximately 512 s to transfer 
data to a PC using 1000BASE-T after the 
memory is full. Therefore, the beam usability is 
very low at approximately 1.6%. The new high-
frame-rate MEMRECAM ST-821-HX has an 
accumulation function similar to the high-frame-
Fig. 2 Relation between neutron energy and flight time for three 
applications: resonance absorption imaging, Bragg edge imaging, and 
magnetic imaging. 
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rate camera HAS-D3; however, MEMRECAM ST-821-HX has better time resolution than HAS-D3. The block 
diagram of the new high-frame-rate camera is shown in Fig. 4. From the camera head, the video signal is 
transferred to an image processing unit through four parallel optical fibers. The image processing unit contains an 
image accumulator and a PC with a 2 TB SSD memory. The relation between accumulation time, accumulation 
period, and recording time are listed in Table 2 for each frame rate. In the case of 100 fps and 16 times 
accumulation, the maximum recording time is 0.61 h, which shows that the time-dependent characteristics of an 
object under inspection can be obtained with a time resolution of 0.32 s. If the accumulation time is 4096, a long 
recording time of approximately 4 days is available.  
Table 1 Relation between frame rate (time resolution), imaging area, pixel number, and pixel size. 
㻌 Frame rate [time resolution]   100 kfps [10 ȝs] 30 kfps [33ȝs] 10 kfps [100ȝs] 㻌
Number of pixels 320 × 240 512 × 512 960 × 960 
㻌 9 inch mode 㻌 㻌 㻌 㻌 㻌 㻌 㻌
   Imaging area [mm × mm]  183 × 137 162 × 162 162 × 162 
   Pixel size [ȝm] 572 316 169 
㻌 7 inch mode 㻌 㻌 㻌 㻌 㻌 㻌 㻌
   Imaging area [mm × mm]  142 × 107 126 × 126 126 × 126 
   Pixel size [ȝm] 445 246 131 
㻌 5.5 inch mode 㻌 㻌 㻌 㻌 㻌 㻌 㻌
   Imaging area [mm × mm]  112 × 84  99 × 99 99 × 99 
   Pixel size [ȝm] 349 193 103 
㻌 㻌 㻌 㻌 㻌 㻌
Fig. 3 Configuration of neutron image intensifier and cameras. 
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3. Evaluation of the system 
Several characteristics have been tested using an X-ray source with a tungsten line-pair chart, an LED optical 
viewer with the NBS 1963A resolution pattern, and the pulsed neutron source of HUNS. The results are described 
below.  
Figure 5 shows the X-ray radiographs taken using a small-focus X-ray source (8 μm, 50 kV, 160 ȝA), the high 
resolution camera D800E (ISO100, shutter speed 10 s), and the neutron color I.I. Figures 5(a), (b), and (c) show 
the output images of the I.I. operated with 9, 7, and 5.5 inch visual fields, respectively. Figure 5(d) is an expanded 
view of Figure 5(c), in which 5 LP/mm can be recognized. Figure 6 shows the image data of the NBS 1693A 
resolution pattern obtained using the high-frame-rate camera MEMRECAM ST-821-HX and the LED optical 
viewer. Figure 6(a) was taken with the 10 kfps mode (960 × 960 pixels) for a visual field of 122 × 122 mm, in 
which the pixel size is 127 ȝm. The size of the resolution pattern is 50.8 × 50.8 mm, and it was surrounded by a 
black paper. Figure 6(d) is a magnified view, in which 4 LP/mm (line width of 125 ȝm) can be recognized. Figures 
6(b) and 6(c) are magnified images taken with the 100 kfps (320 × 240 pixels) and 30 kfps (512 × 512 pixels) 
modes, respectively, in which the pixel sizes are 381 ȝm and 238 ȝm in the visual field, respectively; in these 
images, 1.25 LP/mm (line width of 400 ȝm) and 2 LP/mm (line width of 250 ȝm) can be recognized, respectively. 
Fig. 4 Block diagram of the new high-frame-rate camera. 
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Table 2 Accumulation time and recording period. 
(a)                    (b)                     (c)                      (d) 
Fig. 5 X-ray radiographs taken with a small-focus X-ray source and the high resolution camera D800E. 
Figure 7 shows three kinds of images required to derive quantitative image data. Figures 7(a), 7(b), and 7(c) 
show an object image, a shading image taken with an X-ray source, and a background image taken without the 
operation of the optical I.I., respectively. Through the image processing of ( a - c) / ( b – c ), the corrected image of 
Fig. 7(d) can be obtained, in which the characteristic lengthwise and crosswise patter noises originating from the 
CMOS image sensor and observed in Figs. 7(a), 7(b), and 7(c) are eliminated. Figure 8 shows another result of the 
X-ray experiment. Figure 8(a) shows four step wedges consisting of glass, polyethylene, and aluminum. Figure 
8(b) shows the corrected image taken with the X-ray source. Figure 9 shows the results of the neutron experiment 
at HUNS, where a Pb filter with a thickness of 17 mm was used to protect the camera against the gamma flash. 
Figure 9(b) is an integrated image between the 61st to 63th frames taken using 9 inch 30 kfps mode over 4096 × 20 
neutron pulses, corresponds to an exposure time of 8.19 s. The objects were four step-wedges and two ASTM 
indicators. Figure 9(c) was taken using the high-resolution camera D800E (ISO400, shutter speed 6 min) and 
corrected using shading data. 
Frame rate [kfps] 100 30 10 
Resolution time [ȝs] 10 33.3 100 
Frame number [frame] 2000 600 200 
Accumu 
-lation 
 times 
Data
length 
Accumu
-lation 
period 
File 
Volume 
Recording
time 
File 
Volume 
Recording
time 
File 
Volume 
Recording
time 㻌
㻌
[number of 
accelerator 
pulses] 
[bit] [s] [Gbit] [hr] [Gbit] [hr] [Gbit] [hr] 
㻌
16 16 0.32 2.46 0.59 2.36 0.62 2.77 0.53 
64 18 1.28 2.77 2.10 2.66 2.19 3.11 1.87 
256 20 5.12 3.00 7.77 2.95 7.89 3.46 6.73 
1024 22 20.48 3.30 28.25 3.25 28.70 3.81 24.49 
4096 24 81.92 3.60 103.59 3.54 105.22 4.15 89.79 
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Fig. 6 Optical images of the resolution pattern taken using the high-frame-rate camera MEMRECAM ST-821-HX. 
(a)                    (b)                     (c)                      (d) 
Fig.7 Image data processing by (a) an object image, (b) a shading image, and (c) a background image to derive (d) a corrected image. 
Figure 10 shows the results of Bragg-edge imaging at NUNS. Figure 10(a) shows an accumulated image of Cu 
of 11.6–mm thickness, B4C of 10-mm thickness, and Fe of 9-mm thickness. As the frame rate was 30 kfps, 600 
frames accumulated over 4096 neutron pulses were contained in a data file we call folder. The data were taken 
over approximately 10 h and 45 min. The Bragg-edge spectrum of Fe is shown in Fig. 10(b), which is the sum of 
pixel data inside the rectangular ROI shown in Fig. 10(a). In this experiment, the gate of the image intensifier was 
opened between 3 ms and 8 ms. Furthermore, we could obtain data at 100 kfps, but the statistics were poor because 
of the short measurement time. 
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(a)                                                 (b)                  
Fig.8 (a) Illustration of step-wedge samples and (b) its X-ray radiograph. 
                
         
(a) (b)                                                            (c)          
Fig. 9 (a) Step wedges and ASTM indicators and neutron images taken using (b) the high-frame-rate camera and (c) the high-resolution CMOS 
camera. 
                                     (a)                                                                 (b) 
Fig. 10 Bragg-edge spectrum obtained at NUNS. (a) Accumulated image obtained using the high-frame-rate camera. The frame rate was 30 
kfps (512 × 512 pixels), and the image field was 9 inch. The objects included a Cu plate of 11.6-mm thickness, a B4C plate of 10-mm 
thickness, and a Fe plate of 9-mm thickness. (b) Neutron spectrum in which the pixel data inside the ROI in the Fe plate shown in (a) are 
summed. 
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4. Conclusion 
We have developed a new high-frame-rate camera and imaging system for pulsed neutron transmission 
spectroscopic radiography. The spatial resolution was measured with optical, X-ray, and neutron sources. We 
succeeded in measuring the time-of-flight data with a seamless measuring function with a frame rate of up to 100 
kfps. As an example, Bragg-edge measurement was demonstrated at HUNS. These data indicated that this system 
can be used with pulsed neutron sources. In the future, we will test the applicability of this system with a high-
power neutron source at J-PARC.   
Acknowledgements 
This work was supported by JSPS KAKENHI Grant Number 23226018. 
References 
[1] Y. Kiyanagi et al., Proc. of the 7th WCNR, pp. 16-22, Rome (2002)  
[2] K. Iwase, T. Nagata, K. Sakuma, O. Takada, T. Kamiyama and Y. T. Kamiyama, H. Sato, N. Miyamoto, H. Iwasa, Y. Kiyanagi and S. 
Ikeda, IEEE-NSS-2007, N24-436 (2007) 
[3] K.Iwase, K.Sakuma, T.Kamiyama and Y.Kiyanagi, NIM A605, pp. 1-4 (2009) 
[4]  H. Sato, T. Kamiyama and Y. Kiyanagi, Materials Transactions, Vol. 52, pp. 1294-1302 (2011) 
[5] T. Kamiyama, H. Noda, J. Ito, H. Iwasa, Y. Kiyanagi and S. Ikeda, Journal of Neutron Research, Vol. 13, pp. 97-101 (2005) 
[6] Y. Kiyanagi, K. Mizukami, T. Kamiyama, F. Hiraga and H. Iwasa, NIM A542, pp. 316-319 (2005) 
[7] S. Uno, T. Uchida, M. Sekimoto, T. Murakami, K. Miyama, M. Shoji, E. Nakano, T.Koike, K. Morita, H. Satoh, T.Kamiyama and Y. 
Kiyanagi, Phys. Proc., Vol. 26, pp. 142-152 (2012).
[8]  T. Uchida et al., Nuclear Science Symposium Conf. Record, pp.1450-1453 (2010) 
[9] K. Nittoh, C. Konagai, T. Noji and K. Miyabe, NIM A606, pp.107-110 (2009) 
[10]   0<DPDVKLWD.0RFKLNL7.DPL\DPDDQG<.L\DQDJL Conf. Record of IEEE NSS, pp. 370-372 (2011) 
